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Abstract
Periods of glaciation followed by déglaciation are a result of the complex
processes that drive climate on Earth. To understand these processes and the types of
climate that they induce, sediment cores can be analyzed to extract data to determine
depositional environment and relative sea level in an area. This project will investigate
the particle size and organic geochemistry from a sediment core (IODP Expedition 347,
Hole M0060A) taken outside the Baltic Sea, at Anholt Loch which is located in the
southern Kattegat. The objective of this study is to better understand the depositional
environment and relative sea level changes in the area, specifically during the last
interglacial-glacial period (130-24 ka). To do this mineralogical, grain size, and organic
geochemical data were analyzed from the sediment core. Grain size data showed various
types of depositional environments. Unit IV indicated an ice proximal-glaciomarine
environment based on grain size distribution. Unit V showed evidence of a shallow
marine environment indicated by the presence of Turritella sp. shell fragments. Unit VI
was found to be a high energy fluvial deposit based on grain size distribution, the
presence of zircon, and a fining upwards sequence. Lastly, Unit VII contained three
layers of unsorted silty sediment which indicated mass transport types of events, such as
a gravity flow. The geochemical analyses of organic matter in the samples were found to
have a similar signature between units and are thought to be of a coaly origin. By
analyzing the surrounding basin properties, it is thought that the coal could be from the
Jurassic bedrock surrounding the core. Based on data collected, the depositional
environments and relative sea level changed multiple times, indicating that the last
interglacial period in the Kattegat was not stable.
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1. Introduction

1.1 Glaciations in the Baltic Sea Basin
The North Atlantic region has been subject to multiple cycles of glaciation during
the Quaternary (~2.5 million years ago to present) and shorter-term stadials and
interstadials known as Dansgaard-Oeschger events in ice cores (Figure 1). These events
are millennial-scale cycles of warm periods followed by colder periods (Voelker, 2002).
Along with these cycles, Heinrich events also occurred, which involved the breakdown
and calving of ice sheets, allowing coarse sediment to be deposited into the ocean as they
melted. These events are thought to be related to variations in thermohaline circulation of
the Atlantic Ocean but the true cause is still under debate (Bond and Lotti, 1995). It is
thought that changes in circulation can cause breakdowns and buildup of the ice, allowing
the specific area to be affected differently depending on the extent of the ice sheet
(Grootes et al., 1993). The last cycle of glaciations that affected the Baltic Sea Basin was
during the Last Glacial Maximum (LGM) in the Pleistocene, Marine Isotope Stage (MIS)
2, beginning at 60 ka and ending around about 24 ka (Figure 2) (Larsen et al., 2009).
Due to the location of the Baltic Sea Basin, it was directly affected by the waxing
and waning of the Scandinavian Ice Sheet during the Last Glacial Maximum (LGM)
(Andren et al., 2015). Much research has been conducted on this time period, but little is
known about the environment of the area before this, especially during the last
interglacial in the Eemian, about 124-119 ka (MIS 5e) (Andren et al., 2015). Sedimentary
records collected from all around Europe have helped reconstruct what the extent of the
ice sheet could have been during certain times in the past. The Baltic Sea Basin is
especially important to this research because the basin has acted as a sediment trap
1

throughout different glaciation events and it is thought that sediment located in parts of
the basin encompasses a full record of the last interglacial-glacial cycle (Andren et al.,
2015). By studying these sediments, a more detailed paleoenvironmental history of the
area can be constructed, which includes relative sea level changes, glaciation/deglaciation
events, as well as changes in the type of aquatic environment.

1.2 Kattegat and IODP Hole M0060A
International Ocean Discovery Program (IODP) Expedition 347, was focused in
the Baltic Sea Basin, with a goal to answer four major questions about climate history of
the region. The research questions included climate fluctuations during MIS 5 (130-80
ka), changes during the last glacial cycle (MIS 4 through MIS 2; 74-24 ka), climate
drivers during MIS 2 through MIS 1 (24-11.6 ka), and information about the deep
biosphere of the basins sediments (Andren et al., 2015). During the expedition, nine sites
were cored in different locations throughout the basin. The focus site of this study is Site
M0060. It is located in the southern Kattegat, near the Anholt Loch in a valley that was
formed by repeated glaciation during the early to middle Quaternary (Andren et al., 2015)
(Figure 3). This was an important site to the expedition because it is in a prime location to
collect sediment from the MIS 6 through MIS 1 (190-11.6 ka). These sediments will help
increase our understanding about climate fluctuations during this time period along with
how it affected sea level.
The Kattegat is a small, narrow area between the North Sea and the Baltic Sea.
The site itself sits on Jurassic sediments and is surrounded by Cretaceous sediment as
well as Pre-Cambrian shield to the northeast (Figure 3). Two holes were drilled in this
2

location, M0060A and M0060B, however Hole M0060A was the focus of this study. The
hole was drilled at a water depth of 34 meters and reached 232.50 meters below the
seafloor (mbsf). The cores represent seven lithological units and this study analyzed the
bottom half of the hole, Unit IV-VTI (Figure 4). Unit VII, VI, and the bottom half of Unit
V infill a deep valley, while the top half of Unit V and IV are above it, which can be seen
in the seismic profile (Figure 5). It is thought that the valley is tectonic in origin
(Beckholmen and Tiren, 2008). More specifically, the area sits on the Fennoscandian
Border Zone which has been tectonically active since the Early Palaeozoic Time (Jensen
et al., 2002).

1.3 Laser Particle Analysis
Laser particle analysis of sediment is a useful tool to obtain fairly accurate and
precise sediment grain size distributions. From this information, an environmental
reconstruction can be put together based on sediment average grain size, sorting, vertical
trends, and sedimentary structures. The laser particle sizer measures grain size using the
angle of scattered light from individual particles (Sperazza et al., 2004). Smaller particles
refract light at larger angles while larger particles refract light at smaller angles (Loizeau
et al., 1994). The particle sizer emits two different wavelengths of light at the sediment
sample, a red laser that is longer wavelength and a blue laser that is shorter wavelength.
From the combined values of both light sources, the grain size can be calculated based on
Mie theory or Fraunhofer theory of scattered light (Sperazza et al., 2004). The instrument
being used in this study (Malvern Mastersizer 2000) has as detection range of particles
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0.02-2000 pm and uses Mie theory to calculate the size of the particles based on the
intensity of scattered light on a series of detectors.

1.4 Organic Geochemical Analysis
Organic geochemical analysis of sediment provides an additional tool useful in
paleoenvironmental reconstruction. Sources for organic matter in sediment can be
terrestrial, aeolian, or aquatic (Peulve et al., 1996). When organic matter is introduced to
the aquatic system, it is broken down into particulate matter. If these particulates are not
consumed via biological processes, they sink to the bottom of the ocean and are deposited
with sediment (Peulve et al., 1996). The organic matter in sediment samples can be
analyzed using pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS).
Pyrolysis induces thermal decomposition of biomacromolecules (e.g., proteins,
carbohydrates, lignin) into a mixture of smaller characteristic molecules amenable to
separation by gas chromatography and identification by mass spectrometry (Kruge,
2015). Different sources will compose different compounds and information can be
derived from the organic matter to determine a source (Peulve et al., 1996).

2. Methods

2.1 Smear Slide Preparation and Analysis
To optically analyze the sediment in Unit IV- VII from Hole M0060A, smear slides
were prepared. Samples that were analyzed in each unit were chosen based on obvious
changes in properties such as grain size as well as color (Table 1). This was done by
4

placing a small amount of Norland Optical Adhesive 61 (Refractive Index 1.56) onto a
glass microscope slide with sediment added to the top. The sediment was evenly
dispersed onto the slide. Any aggregates were broken up by gently using a wooden
toothpick and homogenized with the rest of the sediment on the slide. A cover was placed
on top of the glass slide and placed under UV light for 3 hours to allow the glue to cure.
A Leica DM750P petrographic microscope was used to analyze the smear slides.
Sediment properties that were analyzed were grain size, shape, sorting, minerals present,
and amount of organic matter in the sample. Optical properties such as cleavage,
birefringence, pleochroism and relief of heavy minerals found in the sample were also
used along with a heavy mineral guide (Mange and Maurer, 1992) to assist with
identification.

2.2 Grain Size Analysis
Grain size analysis was conducted on Unit IV-VII following a protocol for
terrigenous sediment after Konert & Vandenberghe (1997). The samples that were
analyzed were spaced evenly throughout the core (Table 2). To remove all carbonate
from the samples, sediment was treated with 10 mL 30% hydrochloric acid and heated on
a hotplate until the reaction was completed. To remove all organics from the samples, 2
mL of 10% hydrogen peroxide was added to the samples and heated on a hotplate. Once
the reaction was completed, the samples were cooled and placed into a 50 mL graduated
centrifuge tube and centrifuged for 30 minutes at 2000 rpm. The liquid on the top of the
samples were then decanted, the centrifuge tubes were refilled with 50 mL of millipore
water and placed back into the centrifuge for 30 minutes at 2000 rpm. The liquid from the
5

samples was decanted again and the sediment was placed into beakers with sodium
pyrophosphate decahydrate and heated to disperse any aggregates. To measure the grain
size of the sediment, the Malvern Mastersizer 2000 particle size analyzer at Montclair
State University was used. The “sediment” standard operating protocol was used on the
particle sizer, which assumes that the majority of minerals in the sample are made up of
quartz. The detection limit of the laser particle sizer is 0.02 to 2000 pm. The rotor speed
on the dispersion unit of the instrument was set to 2000 rpm. Data were analyzed using
the Gradistat (Blott and Pye, 2001) program on Excel.

2.3 Organic Geochemical Analysis
Py-GC-MS was performed on the samples to determine the chemical fingerprint of
the organic compounds found in the sediment. Total organic carbon (TOC) values
previously determined by IODP 347 scientists (Andren et al., 2015) were used to choose
samples with sufficient TOC to run on the Py-GC-MS (Figure 6, Table 2).
Py-GC-MS was conducted using a Pyroprobe CDS 5150 and a Thermo Focus DSQ
GC-MS. The GC column was an Agilent DB-1MS (30 m, 0.25 mm:.d; 0.25 pm coating
thickness). The pyroprobe was set to pyrolyze sediment at 610 °C for 20 seconds. The
interface and the transfer line were set at 300 °C. The GC oven temperature was
programmed to start at 50 °C, holding that temperature for 5 minutes before increasing
the temperature 5 °C per minute until it reached 300 °C. Once at 300 °C, the oven was set
to hold that temperature for 25 minutes. The MS scan rate was 1.08 scans per second, 50500 Da and 70eV ionizing voltage. The inlet was set at 250 °C, with a split flow of 50
ml/min and a split ratio of 33. Helium gas was used as the carrier gas, set at 1.5 ml/min.
6

Prior to analysis, milligram quantities of dry, homogenized sediment were weighed and
packed into quartz tubes fitted with a quartz wool plug. Data were analyzed using
Agilent Data Analysis software and compounds were identified based on retention time
and masses of major ions found, with reference to the mass spectral library.
In addition to mineralogy, grain size and organic data that were taken in this study,
data during the initial analyzes of the sediment from the IODP 347 scientists were also
used to help with reconstruction of climate (Andrén et al., 2015). These include types of
pollen and plankton that were found in various units as well as core diagrams and seismic
results.

3. Results

3.1 Mineralogical Results

The predominant mineral found through smearslide analysis in most samples was
quartz (Table 2). The only exception to this was a section of Unit VI, at 131.56 mbsf, in
which the sample was entirely made up of heavy minerals, identified as zircon (Table 2).
Heavy minerals were found in other samples but in much lower abundance. In plain
polarized light, these minerals were a light pink color and had a very high relief (Table
2). In cross-polarized light, the minerals were pleochroic and biréfringent (Table 2).
Organic matter was noted in most of the smear slides, but mostly in low abundance
(Table 2).

7

3.2 Grain Size Results
Using the particle sizes determined by the laser particle size analysis, sediment
was classified by specific characteristics such as size, sorting, and distribution, using
Gradistat and Excel. Each sample was analyzed by unit, using the depth provided by the
IODP Expedition report (Andren et al., 2015).
By looking at the sand-silt-clay diagram for all samples analyzed, sediments were
found to be moderately to very poorly sorted, with most of the sediment being a sandy
silt or silty sand (Figure 7). There was only one sample that was classified as a mud
(Figure 7).
The uppermost lithological unit of this study, Unit IV (83.6-98.8 mbsf), was
more finely skewed, although it was slightly coarser grained near the top of the unit than
the bottom of the unit (Figure 8). The unit is poorly to moderately sorted and has the
highest frequency grains around 10 pm, however, there is a slight increase in grain size
around 1000 pm in the bottom of the unit (Figure 8). Samples at 83.6 and 86.6 mbsf had
the highest frequencies of coarser grains around 100 pm, however, these samples are not
normally distributed (Figure 8). Grain frequency increases in mode from 0.01 pm until 1
pm, plateaus from 1 pm to 10 pm, increases from 10 pm to 100 pm were it peaks
followed by a sharp decrease in coarser grains (Figure 8). Sample points 97.78 through
98.63 mbsf have the highest frequencies grains around 10 pm and have the highest
frequency, about 16 vol. %, of any other samples (Figure 8). These points also had a
higher kurtosis than the other samples. The grain-size distribution of the other sample in
the unit has a mode around 5 pm with a frequency of about 8 vol. %. (Figure 8).
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Unit V, 100.6-119.8 mbsf, had poor core recovery and is only comprised of three
samples (Figure 9). Based on these samples, the unit is poorly sorted and has no distinct
mode (Figure 9). The sample at 116.8 mbsf contains a mode around 180 pm with a
frequency of about 25 vol. % (Figure 9). This sample has a high kurtosis and is very
narrowly distributed (Figure 9). The sample at 100.6 mbsf has a low frequency of all
grain sizes but seems to peak around 10 pm, with a frequency of 7 vol. %, and at 1000
pm, with a frequency of 5 vol. % (Figure 9). The sample at 119.8 mbsf is very similar to
the sample at 100.6 mbsf, peaking at 100 pm and again at 1000 pm, with frequencies of 7
and 5 vol. % respectively (Figure 9).
Unit VI, 121.8- 144.1 mbsf, is a predominantly sandy unit that is a relatively well
sorted and is more coarsely skewed (Figure 10). The majority of samples have relatively
low frequency of grains from 0.01 pm until around 10 pm (Figure 10). The frequencies
rapidly increase with a mode around 300 pm with frequencies ranging from about 15-25
vol. % before a rapid decrease in grain frequency around 1000 pm (Figure 10). The
sample at 131.56 mbsf is slightly more coarsely skewed than the others (Figure 10).
Unit VII, 147.4-202.88 mbsf, is very poorly sorted and the grain-size distribution
has a wide range (Figure 11). The highest frequencies are around 8 until 12 vol. %
(Figure 11). There does not seem to be any clear distribution of the grains based on
frequency, although the bottom half of the unit seems to include some coarse grains, with
the mode around 100 pm until 1000 pm (Figure 11). The sample at 152.6 mbsf is
distinctive because it is much more fined grained than the others (Figure 11).
Based on the percent sand, silt and clay in the samples, there are multiple units of
different grain-size distributions in Unit VII. It was found that there are three diamicton
9

sections present at 160-166, 174-188, 194-196 mbsf, respectively, where coarser grains
are more abundant (Figure 12). In between these sections, there are mud sections present,
some with lamina. There was also a fining upward pattern seen in Unit VI (Figure 12).

3.3 Organic Geochemical Results
The four samples chosen for Py-GC-MS represent the zones in the core richest in
organic carbon (0.56-1.85 % TOC, over a depth range of 87.65-202 mbsf; Figure 6).
Similar assemblages of compounds were identified in each sample's pyrolyzate,
particularly aromatic hydrocarbons, phenols, indenes and napthalenes as well as their
methylated derivatives (Figure 13, Table 3). Other less abundant compounds such as
normal alkenes and alkanes, triaromatic hydrocarbons and benzofurans and
dibenzofurans were also present in the samples as minor constituents.
The most abundant constitutes found in the samples were aromatic compounds
(Figure 13). Of these, toluene was the most abundant in all four samples (Figure 13). In
the sample at 87.6 mbsf, benzene was the second most abundant aromatic compound,
followed by styrene (Figure 13). The sample at 152.6 mbsf had abundant meta and paraxylenes, followed byl, 2, 4-trimethylbenzene, 1, 2, 3- trimethylbenzene, ortho-xylene,
styrene, and pyridine. In samples at 192.1 and 202.88 mbsf, benzene was the second most
abundant compound followed by meta- and para-xylenes and styrene (Figure 13).
The next most abundant compounds were phenols. The samples at 152.6 and
192.1 mbsf had especially high abundance of phenol (Figure 13). Other phenolic
compounds that were found in all samples were 2-methylphenol, 4 & 3 methylphenol,
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and 2,5-dimethyl phenol (Figure 13). These were especially abundant in the sample at
152.6 mbsf (Figure 13).
Naphthalene and indene compounds were also found in all samples. Naphthalene
was the most abundant in all samples, with the sample at 152.6 mbsf being the exception
of having 2-methylnaphthalene being the most abundant (Figure 13). Other fairly
abundant compounds found were 2-methylnaphthalene, 1-methylnaphthalene, and ethyl
naphthalene (Figure 13). Smaller constituents such as dimethylnaphthalenes,
trimethylnaphthalenes, tetramethylnaphthalenes, acenapthene, and phenanthrene (Figure
13). The last major group of compounds are indene compounds. Indene and methylindene
isomers were present in all samples, although indene was much more abundant (Figure
13) .
Other less abundant aromatic compounds were also present in the samples such as
additional benzene derivatives, benzofuran and derivatives, fluorene and derivatives,
biphenyl, and indole (Figure 13; Table 3). There was a minor presence of catechol (1,2benezediol), benzonitrile, methylpyrrole and benzenacetonitrile (Figure 13). Normal
alkanes and alkenes were also found in all samples (Figure 13).
Grain size distribution of the four pyrolyzed samples were also examined (Figure
14) . The sample at 87.6 mbsf has a peak grain size of 2.75 pm with a frequency of 10 vol.
% (Figure 14). It is mostly normally distributed, although it is there is a slight increase in
finer grain sizes compared to the other tail (Figure 14). The sample at 152.6 mbsf has a
peak grain size of 4 pm with a frequency of 11 vol. % (Figure 14). It is also normally
distributed although there is a small peak at the coarser tail (Figure 14). The samples at
192.1 and 202.88 mbsf have almost the same distribution, both with a peak grain size of
11

62.5 [im although the sample at 192.1 mbsf has a frequency of 11 vol. % while sample
202.8 has a frequency of 9.5 vol. % (Figure 14).

4. Discussion

4.1 Depositional Environments
The sedimentary properties found in the samples can give implications on the
type of depositional environments and relative sea level rise back in time. The
uppermost unit of the last interglacial-last glacial succession, Unit IV, is thought to be
affected by glacial processes, most likely representing a shallow ice proximal deposit.
Based on smear slide analysis and grain size data, the unit is made up of moderately
poor sorted, finer grained, angular sediment, which can indicate that it was influenced
by glacial or subglacial processes. An increased coarse fraction in the unit could also
reflect larger particles deposited by ice rafted debris from calving icebergs, although it
is fairly subtle and occurs at lower frequencies. Finer grained angular sediment along
with the coarser fraction could indicate a longer transport or a weaker influence from
the glacier (Larsson and Stevens, 2008). By looking at images of the core (Andren et
al., 2015), the sediment in this unit is also deformed, indicating that the sediment was
in contact with the ice sheet. When stress is applied to soft sediments, deformation can
occur depending on the pore water pressure of the sediments.
Foraminifera in the sample could also give some indication of the type of
depositional environment. The foraminifera, E. excavatum clavatum, is very abundant
12

in the top of the unit, which could suggest a cold and brackish environment (Andren et
al., 2015). Near the bottom of the unit, foraminiferal diversity and abundance
increases although there are species from multiple environments suggesting that some
of the foraminifera and the sediment are reworked and redeposited (Andren et al.,
2015).
The sediment composition of Unit V appears variable. The recovery in this
sample was poor so there are not much data that represent the unit, making environmental
reconstruction difficult. The unit seems to be made up of a sandy silt, and multiple shells
fragments were found in the samples. These are thought to be shells from the marine
mollusk Turritella sp (Andren et al., 2015). Although there are little data, the marine
mollusk shells and the sandy nature of the sediment could indicate a shallow marine
environment. Another study attempted to date a similar Turritella clay but the shells
themselves were effected by percolating ground water around, although the unit below
are thought to be 132±1 ka and the unit above was dated as 127±15 ka (Winn et al.,
2000).

Unit VI, is the most well sorted of all the units and is more coarsely skewed,
being mostly made up of sand. Based on the size distribution of grains, it is thought that
this unit reflects a high-energy fluvial deposit or beach environment. There are few
foraminifers present, although Pinus pollen is abundant throughout the unit (Andren et
al., 2015). The deposit could represent a high-energy river bed or a marine beach
environment. This is based on the fining upward seen in the deposit. This sequence could
have occurred from a wave base or river bed.

13

The mineralogy of the unit is also unique compared to the others. There is an
abundant amount of heavy minerals which are believed to be zircon, although other
heavy minerals were also present. The presence of the heavy mineral provides evidence
that the unit is a high energy fluvial deposit. Likely sources of zircon are reworked
sediment from the Upper Triassic Skagerrak Formation, which runs through the
Skagerrak-Kattegat Platform in Denmark to the north of the drillsite (Olivarius and
Nielsen, 2016). The zircon grains in this formation are immature due to the brief period
of transport before deposition (Olivarius and Nielsen, 2016). Other likely sources are the
Telemarkia Terrane, Idefjorden Terrane and the eastern part of the Sveconorwegian
Orogen, also to the north of Site M0060, which all have multiple outcrops that contain
zircon, although there are other formations within the region that the zircon could have
been eroded from (Olivarius and Nielsen, 2016). Based on the quantity of the mineral in
the surrounding area and various sources, it is thought that this unit contains glacial
eroded zircon from the region to the north. To determine exactly the source, the zircon
within the sample would need to be studied in more detail.
Unit VII, is the bottommost unit in the core and is also the largest and most
unsorted. It is made up of multiple subunits that alternate between a diamicton and muds.
Based on the sediment type, lack of sorting and location of the core, it is thought that the
diamicton subunits represent a large mass transport event, such as a gravity flow. The
origin of the gravity flows has to do with the structure of the basin. The unit is near the
base of a valley with steep sides. The more sediment that is eroded from the valley sides,
the more it becomes unstable. A small disturbance can cause the sides of the valley to
collapse, mixing with water, until it is deposited on the valley floor. The mud subunits
14

represent times during which there were no mass wasting events, and give an indication
of the type of environment, such as lacustrine or shallow marine.
The foraminifera in the unit can also be an indicator of what type of aqueous
environment was present during this time interval. In this unit, there are diverse and
abundant foraminifera, especially near the top. The ones that are in the unit are typically
found in marine boreal environments which may indicate a warmer period within the
region (Andren et al., 2015). The foraminifera throughout the bottom of the hole range
from absent to abundant (Andren et al., 2015). When they are abundant they represent
fauna that tend to be found in warmer marine boreal areas, as well as pre-Quatemary
redeposited foraminifers (Andren et al., 2015).

4.2 Reconstructing Paleoenvironments
Based on the sedimentary analysis, as well as other studies, paleoenvironments of
the area can be reconstructed. This information is important for our understanding of ice
sheet dynamics and the relationship between glaciers, relative sea level, and climate. The
Kattegat is one of the areas directly affected by the waning and waxing of the
Scandinavian Ice Sheet and has gone through multiple glacial-interglacial periods. By
using data collected from this region, a more complex climate history can be
reconstructed for the area.
During the last interglacial-glacial cycle (130-14 ka), the area is known to have
experienced a series of climate fluctuations (Helmens, 2014). At 130 ka, the area was
completely ice free and thought to be a boreal marine environment (Larsen et al., 2009).
At 115-65 ka, the area is thought to have been above current sea level with no deposition
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occurring, although it could have been affected by outwash from the ice sheet (Larsen et
al., 2009). At 65-60 ka, the ice sheet had grown, covering the area with ice (Larsen et al.,
2009). There was another retreat of the ice sheet from 60-55 ka, although the Kattegat is
thought to have been above current sea level (Larsen et al., 2009). During the Ristinge
advance, 55-50 ka, the ice covered the area again, including the Kattegat. At 50 ka, the
area again was ice free and is thought to have been an arctic marine environment (Larsen
et al., 2009).
During the middle through late Weichselian (115,000 to 11,700 ka), the Kattegat
is thought to have been under boreal-arctic marine conditions, although being indirectly
affected by the waning and waxing ice sheet during some intervals of time (HoumarkNielsen and Kjaer, 2003). This time period is complex due to small ice advances and
retreats, especially between 30-20 ka. Around 40 ka, the ice sheet was to the north
around Sweden and Norway and the Kattegat was thought to have been under borealarctic conditions (Houmark-Nielsen and Kjaer, 2003; Larsen et al., 2009). The ice sheet
advanced from the east around 35-33 ka, covering most of the Baltic Sea (HoumarkNielsen and Kjaer, 2003). It is thought that the Kattegat remained a boreal-arctic marine
environment during this interval, although affected by calving ice bergs and freshwater
input (Houmark-Nielsen and Kjaer, 2003). Even though the Baltic was covered with ice, it
was still connected to the Kattegat via the Esrum/Alnap valley (Anjar et al., 2010). The
ice sheet retreated slightly between 33-29 ka, re-exposing parts of the Baltic but also
blocked off the Norwegian Channel, possibly changing the environment to a glaciolacustrine in some areas (Houmark-Nielsen and Kjaer, 2003; Anjar et al., 2010; Larsen et
al., 2009). A change in sediment type from finer grained ice rafted debris to a sandy
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deltaic sediment around 31-29 ka is also noted in the area (Houmark-Nielsen and Kjaer,
2003). The ice advanced again, completely covering the area from 29-27 ka but it is
thought that the Kattegat was re-exposed from 27-23 ka being dominated by glaciolacustrine fluvial deposits (Houmark-Nielsen and Kjaer, 2003; Larsen et al., 2009).
During this time period, water from this basin was discharged into the Atlantic during
two distinct episodes causing synsedimentary deformation in certain beds leading to
glaciotectonic displacement of the sediment in the Kattegat (Houmark-Nielsen and Kjaer,
2003). Between 26-22 ka, arctic marine environments are thought to have returned to the
Norwegian Channel and possibly the Kattegat (Houmark-Nielsen and Kjaer, 2003). Some
studies also suggest that the area was affected by glacio-lacustrine environments (Larsen
et al., 2009).
At the Last Glacial Maximum (LGM), most models based on sedimentary records
shows the Kattegat was directly covered in ice during the LGM which occurred around
23 to 21 ka (Larsen et al., 2009; Houmark-Nielsen and Kjaer, 2003). It is also thought that
the northeast advance in Denmark occurred between 25 and 22 ka and that deglaciation
occurred around 19-17 ka (Houmark-Nielsen and Kjaer, 2003; Seidenkrantz and Knudsen,
1993). Optically stimulated luminescence dating (OSL) of the area however, shows that
the area was ice free around 21-22 ka, although still being affected by glacial processes
(Johnsen et al., 2012) and that is confirmed by other sedimentary cores as well as pollen
records (Helmens, 2014). Unit IV, the uppermost unit, is thought to encompass the LGM
and shows characteristics of being an ice proximal environment. The sediment itself is a
deformation till, caused by shear stress with the ice sheet. The water conditions are
suspected to be marine to brackish, indicated by the presence of E. excavatum clavatum.
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These foraminifera are usually found in turbid, cold (1 to -2 °C) water that coincides with
sub-arctic to arctic glaciomarine conditions (Wedde and Retelle, 2001). The area is
thought to still be affected by calving ice, but was not directly covered during that
interval. It is thought that around 18 ka the ice from Sweden retreated causing marine
water that was previously dammed, to be released back into the Kattegat (HoumarkNielsen and Kjaer, 2003). This unit may be a representation of that period and is the only
glacial unit in the core.
Unit V, VI, and VII are thought to be deposited during the preceding interglacial
period (190-24 ka). Based on the core data, it is thought that the last interglacial period in
the Kattegat was not a stable period. The various types of sediments and the
environments that they represent show that the climate as well as relative sea-level was
changing during this period.
Unit VII is a non-glacial diamicton with mud interbeds and represents mass
wasting events. The core sits in a steep valley that sediment could have been eroded from
the valley walls causing gravity flow. The mud subunits represent times where there are
no mass wasting events occurring.
Unit VI, is a high energy fluvial deposit. The relatively coarse grain-size and the
zircon found in the unit indicates it was high energy environment. The fining up sequence
represents a transgression period. Also, the abundant Pinus pollen also could indicate that
this is a nearshore deposit as the transgression sequence begins. The transgression could
have been caused by isostatic subsidence or eustatic sea level rise with water re-entering
from the Atlantic.
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The Kattegat was a shallow marine environment, represented by the muddy
sediment found in Unit V. Again, data are limited from this unit but based on grain size
as well as the presence of the marine mollusk Turritella sp, it is thought that the area was
a shallow marine environment. Lastly, Unit IV is thought to represent a glacial/ice
proximal environment in Unit IV, when sea level was higher.

4.3 Origins of Organic Carbon

Samples taken from units IV and VII were analyzed for organic carbon based on
amount of TOC present. Most of the dominant compounds found in the pyrolyzates are
consistent with a coaly source. Monoaromatic hydrocarbons, such as benzene, toluene,
phenol, xylene, as well as their derivatives were abundant in the samples. Toluene was
the most abundant monoaromatic hydrocarbon compound in the sediment pyrolyzates. It
has been found that toluene's predominance over other alkylated benzenes could indicate
an aquatic organic matter source via the breakdown of the amino acid phenylalanine or
inertinite, which is oxidized organic matter (Kruge et al., 1998). Aquatic organic matter
could have been deposited with sediment from a number of sources and inertinite which
is also common in most coals. The abundance of stryrene could also be an indication of a
lower ranked coal. It is thought to be a pyrolysis product of peat and could indicate
degraded lignite in the samples (Kruge, M.A. et al, 1998).
The phenolic compounds found in the samples also confirm a coaly origin.
Phenols have been known to have a marine source, being a known product of macro
algae such as brown algae (Peulve et al., 1996). The presence of 4-methylphenol for
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example, can be found in the pyrolysis products of proteins from aquatic organic matter,
produced via the breakdown of the amino acid tyrosine (Peulve et ah, 1996). Although
this is true, the distribution of phenol and its constituents are more characteristic of coals.
The high abundances of phenols as well as the alkyl benzenes (for example, toluene and
xylene) are characteristic of lignite (Stankiewicz et al., 1996). It also has been found that
a higher abundance of 4- and 3- methylphenols in comparison to 2-methylphenol can be a
signature of a proteinaceous origin (Micic et al., 2011). The samples taken in this study
have a similar relative abundance of 4- and 3- methylphenols to 2-methylphenol so there
is no obvious proteinaceous signature in reference to these compounds.
The majority of the compounds found in the sediment are aromatic hydrocarbons
as well as benzofurans and dibenzofurans. PAHs are present in fossil fuels (coal and
petroleum) and are also produced by combustion of fossil fuels as well as biomass (Dong
et al., 2012). The PAHs found in the samples include, naphthalene and its constituents,
acenapthene, fluorene, styrene, and anthracene among others. Higher relative abundances
of naphthalene and phenanthrene compared to the parpnt hydrocarbon in the samples
could also indicate inertinite (Kruge, M. A. et al., 1998). All of the major PAHs found in
the samples were made up of 2-3 rings. It has been found that PAHs with fewer rings are
more dominant in coal pyrolyzates while larger PAHs are relatively more abundant in the
raw coals (Dong et al., 2012). Also, the minor presence of 1,2- benzenediol could give
implication of coaly origin of the organics. The presence of these molecules indicate that
the organic matter is from lignite instead of a higher ranked coal (Kruge et al., 1998).
Relatively minor constituents of all sediment pyrolyzates include organonitrogen
compounds, such as indole and pyridene. When indole is present at high relative
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abundances, it is an indication of aquatic algae origin (Kruge, 2015). Although not
present at large quantities in these pyrolyzates, it does occur and as such could indicate an
aquatic algae contribution to the sedimentary organic matter. The aromatic compound
indene and its methylated derivatives are other compounds found at lower abundances in
all samples. Indene is thought to be biosynthesized in the photic zone (Peulve et al.,
1996).
Based on compounds found in the samples, it is thought that the majority of the
organic matter in the samples comes from a coaly origin. The most likely source of the
coal, is from the walls of the valley that the core sits in which is made up of the Upper
Jurassic Gassum Formation. This formation is made up of claystone interbedded with
coal and siltstone (Erlstom and Sivheld 2001). This is the most likely source because all
unit’s samples contain organics with a similar coaly signature so the source of the coal
would likely be from the same location.
A few other possible locations that the coal could be being deposited from are the
Jutland and Soeby lignite, which are located in Denmark and deposited in the Miocene
(Mclnnes et al., 1913). Another possible source is on Bornholm Island. There is a small
amount of Rhoetic-Liassic strata on the SW coast that was deposited in the lower
Mesozoic (Mclnnes et al., 1913). It is a low class coal and disintegrates when it comes
into contact with air (Mclnnes et al., 1913). Besides the Gassum Formation, these are the
other closest coal deposits to the sample site and could have also been eroded and then
deposited in the basin. The initial hypothesis was that the organic matter found in the
samples was living vegetation that was burned by wildfires and then deposited into the
basin but this is less likely because larger PAHs, that are signature of wildfire
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combustion, are not found. The samples, are also taken from different units that should
span thousands of years with different paleoenvironments, so it is very unlikely that
wildfires would be present during all of these. The other possible origin of some organics
is aquatic organic matter. This could be aquatic vegetation, plankton among others. This
would also be a likely source because the samples are sedimentary samples taken in the
basin.

5. Conclusions
By comparing sedimentary and organic information together, a few key
conclusions can be made. First, sedimentary depositional environments are vastly
different in each unit. They encompass glacial, shallow marine, fluvial and mass transport
types of environments. This shows that the last interglacial period was not stable. When
comparing this information to the organics data, it is found that there is not much
variability in organic geochemistry between units. This has to do with the source of the
coal. Even though the environments were changing throughout this time, the coal from
the surrounding basin were still being incorporated within the sediment.
The variability seen in depositional environments suggests that climate was
changing. Earth’s climate is complex with many drivers that can influence changes. A
possible explanation for the fluctuation in climate could have been caused by DansgaardOeschger events. They are rapid warming events followed by cooling events which occur
about every 1,470 years and are thought to be caused by changes in solar variability.
Changes in atmospheric conditions could have caused fluctuations of the Scandinavian
Ice Sheet resulting in changing environments in the Kattegat. These changes would be a
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huge driver of sea level in the region. Melt water plumes, isostatic rebound/subsidence
and water circulation changes due to the location of the ice sheet, are all possible factors
that could have an influence on the fluctuations of sea level and depositional
environment.
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Figure 1. Record of 20 of the 25 Dansgaard-Oeschger events during the last glacial cycle
shown in the GISP2 ice core taken in Greenland (top) (Grootes et al., 1993) and Heinrich
events from a North Atlantic sediment core (bottom) (Bond and Lotti, 1995) (NOAA).
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Figure 2. Reconstrution of Kattegat interglacial paleoclimate (Larsen et al., 2009; Andrén
étal., 2015).
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Figure 4. Lithological log of Core 60A; Units IV-VII are the focus of this study (Andren
et al., 2015).
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D e p th (m )

Figure 6. Total organic carbon (wt%) values for Core 60A with depth (mbsf). Stars
represent the four pyrolyzed samples (Andren et al., 2015)/
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Sand

Figure 7. Sand Silt Clay diagram, made using GRADISTAT, for the sediment samples
run through the laser particle size.
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Figure 8. Frequency (vol. %) of different grain size (pm) in Unit TV with depth (mbsf).
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Figure 9. Frequency (vol. %) of different grain size (pm) in Unit V with depth (mbsf).
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Figure 10. Frequency (vol. %) of different grain size (pm) in Unit VI with depth (mbsf).
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Figure 11. Frequency (vol. %) of different grain size (pm) in Unit VII with depth (mbsf).
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Unit IV
Unit V
Unit VI
Unit VII

Figure 12. Percent of sand (gray) and silt (orange) at depth (mbsf); Stars indicate the
diamicton layers and solid black lines indicate the unit boundaries.
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Retention tme

Figure 13. Total ion chromatograms of the samples pyrolyzates; for peak identification
refer to Table 3. A. Sample 87.65 (TOC: 0.56, depth 87.65 mbsf, Unit IV); B. Sample
155.42 (TOC: 0.74, depth 155.42 mbsf, Unit V II); C. Sample 192.18 (TOC: 1.85, depth
192.18 mbsf, Unit VII); D. Sample 202.88 (TOC: 1.41, depth 202.88 mbsf, Unit VII).
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Figure 14. Grain size distribution for the four pyrolyzed samples which are identified by
depth.
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A. Tables
Table 1. Sample reference table. Check marks indicate which analyses were conducted
the sample.
Sample Name and
Depth (mbsf)
83.6

IO DP Sample
Name
31H-1W -120-122

Unit

Sm ear Slide

IV

V

86.6

32H-2W -30-32

IV

V

87.6

32H-2W -130-132

IV

89.6

33H-2W -0-2

IV

V

V

92.6

34H-1W -120-122

IV

V

V

94.61

Py-G C-M S

LPS
✓

V

V

34H-3W-21-23

IV

V

97.78

36H-1W-29-31

IV

V

97.99

36H-1W-93-95

IV

V

98.63

37S-1W -8-10

IV

s

98.8

38H-1W -10-12

IV

100.6

38H-2W -147-149

V

116.8

48H-1W -10-12

V

s

s
✓

✓

✓

119.8

50H-1W -10-12

V

121.8

50H-2W-61-63

VI

V

124.8

51H-2A-30-32

VI

s

128.4

52H-2W -60-62

VI

s

VI

✓

131.56

53H-2W-46-48

134

54H -1W -110-112

VI

135.15

54H-2W-75-77

VI

136.3

55H-1W -10-12

VI

138.2

55H-2W -50-52

VI

141.1

56H-2W -10-12

VI

✓

s
s

144.1

57H-1W -130-132

VI

147.4

58H-1W -130-132

VII

V

152.6

60H-1W -20-22

VII

V

159.6

65H-1W -20-22

VII

163

66H-2W -20-22

VII

166.26

67H-2W -140-142

VII

s
•/

s
✓

V
V

s

169.4

69H-1W -60-62

VII

171.1

69H-2W -80-82

VII

174.3

70H-2W -70-72

VII

V
V

V

✓
V

179.9

72H-2W-86-88

VII

182.9

73H-1W -90-92

VII

V

188.8

75H-1W -20-22

VII

V

192.1

76H-1W -20-22

VII

193.1

76H-1W -120-122

VII

194.1

76H-2W -70-72

VII

194.49

76H-3W -32-34

VII

202.88

82P-1W-38-40

VII

s

s

✓
✓

s
s

V

s
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Table 3. Peak Identification in pyrograms from Figure 13.
Peak

Compound

Peak

Compound

N a p th a len es

A ro m a tic com pou n ds

Al

Benzene

N1

A2

Pyridine

N2

Naphthalene
2-methylnaphthalene

Toluene

N3

1-methylnaphthalene

A3

Ethylbenzene

N4

Ethylnaphthalene

A4

Meta- and Para- Xylenes

N5

dimethylnaphthalene

A5

Styrene

N6

trimethylnaphthalene

A6

Ortho-xylene

N7

tetranaphthalene

A7

l-ethyl-4-methyl benzene

N8

Acenaphthene

A8
A9

1, 2, 4- trimethyl benzene

AIO

1, 2, 3- trimethyl benzene

A ll

1, 2, 4- trimethyl benzene

A12

In den es

A13

Fluorene
2 & 3 methylfluorene

A14

n-propylbenzene

12

A15

Biphenyl

A16

Indole
Phenanthrene

A17
S im ple p h en o lic
com poun ds

11

Indene
methyl indene isomers

O th ers

01

B enzenacetonitrile
Methyl pyrrole
Benzontrile

FI

Phenol

02
03

2-methyl phenol

04

Cathechol

F2

3 & 4 methyl phenol

05

Benzofuran

F3
F4

2, 5-dimethyl phenol

06
07

Dibenzofuran
Methylbenzofuran

A lip h a tic com poun ds
A

+

n-Alk-l-enes
n-Alkanes
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B. Supplementary Information

31H-1W-120-122 (83.6 mbsf)
12

Figure A. Frequency (vol. %) of each grain size (pm) found in sample 31H-1W-120-122
(83.6 mbsf).

32H-2W-30-32 (86.6 mbsf)
10

10000

Figure B. Frequency (vol. %) of each grain size (pm) found in sample 32H-2W-30-32
(86.6 mbsf).
42

32H-2W-130-132 (87.6 mbsf)

Figure C. Frequency (vol. %) of each grain size (pm) found in sample 32H-2W-130-132
(87.6 mbsf).

33H-2W-0-2 (89.6 mbsf)
9 i

10000

Figure D. Frequency (vol. %) of each grain size (pm) found in sample 33H-2W-0-2 (89.6
mbsf).

43

34H-1W-120-122 (92.6 mbsf)
10 i

10000

Figure E. Frequency (vol. %) of each grain size (pm) found in sample 34H-1W-120-122
(92.6 mbsf).

34H-3W-21-23 (94.61 mbsf)

Grain Size (um)

Figure F. Frequency (vol. %) of each grain size (pm) found in sample 34H-3W-21-23
(94.61 mbsf).
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37S-1W-8-10 (97.78 mbsf)
18

10000

Figure G. Frequency (vol. %) of each grain size (pm) found in sample 37S-1W-8-10 (97.
78) mbsf).

36H-1W-29-31 (97.99 mbsf)
16

Figure H. Frequency (vol. %) of each grain size (pm) found in sample 36H-1W-29-31
(97. 99) mbsf).
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36H-1W-93-95 (98.63)
14

10000

Figure I. Frequency (vol. %) of each grain size (pm) found in sample 36H-1W-93-95
(98.63) mbsf).

38H-1W-10-12 (98.8 mbsf)
9 i

10000

Figure J. Frequency (vol. %) of each grain size (pm) found in sample 38H-1W-10-12
(98.8 mbsf).
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38H-2W-147-149 (100.6 mbsf)

10000

Figure K. Frequency (vol. %) of each grain size (pm) found in sample 38H-2W-147-149
(100.6 mbsf).

48H-1A-10-12 (116.8 mbsf)
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Figure L. Frequency (vol. %) of each grain size (pm) found in sample 48H-1A-10-12
(116.8 mbsf).
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50H-1W-10-12 (119.8 mbsf)
10 i
9

10000

Figure M. Frequency (vol. %) of each grain size (pm) found in sample 50H-1W-10-12
(119.8 mbsf).

50H-2W-61-63 (121.8 mbsf)
18 ,

Figure N. Frequency (vol. %) of each grain size (pm) found in sample 50H-2W-61-63
(121.8 mbsf).
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51H-2A-30-32 (124.8 mbsf)
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Figure O. Frequency (vol. %) of each grain size (pm) found in sample 51H-2A-30-32
(124.8 mbsf).

52H-2W-60-62 (128.4 mbsf)
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_ 20

a?

§

10

O’

CD

0
--------------------0.01
0.1
1

10000

Grain Size (|im)

Figure P. Frequency (vol. %) of each grain size (pm) found in sample 52H-2W-60-62
(128.4 mbsf).
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53H-2W-46-48 (131.56 mbsf)
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Figure Q. Frequency (vol. %) of each grain size (pm) found in sample 53H-2W-46-48
(131.56 mbsf).

54H-1W-110-112 (134 mbsf)
18

Figure R. Frequency (vol. %) of each grain size (pm) found in sample 54H-1W-110-112
(134 mbsf).

50

54H-2W-75-77 (135.15 mbsf)
25

Figure S. Frequency (vol. %) of each grain size (pm) found in sample 54H-2W-75-77
(135.15 mbsf).

55H-1W-10-12 (136.3 mbsf)
18

Figure T. Frequency (vol. %) of each grain size (pm) found in sample 55H-1W-10-12
(136.3 mbsf).
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55H-2W-50-52 (138.2 mbsf)
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Figure U. Frequency (vol. %) of each grain size (pm) found in sample 55H-2W-50-52
(138.2 mbsf).
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Figure V. Frequency (vol. %) of each grain size (pm) found in sample 56H-2W-10-12
(141.1 mbsf).

52

57H-1W-130-132 (144.1 mbsf)

10000

Figure W. Frequency (vol. %) of each grain size (pm) found in sample 57H-1W-130-132
(144.1 mbsf).

58H-1W-130-132 (147.4 mbsf)
9

Figure X. Frequency (vol. %) of each grain size (pm) found in sample 58H-1W-130-132
(147.4 mbsf).
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60H-1W-20-22 (152.6 mbsf)
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10000

Figure Y. Frequency (vol. %) of each grain size (pm) found in sample 60H-1W-20-22
(152.6 mbsf).
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Figure Z. Frequency (vol. %) of each grain size (pm) found in sample 52H-2W-60-62
(159.6 mbsf).
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66H-2W-20-22 (163 mbsf)
12

Figure AA. Frequency (vol. %) of each grain size (pm) found in sample 66H-2W-20-22
(163 mbsf).

67H-2W-140-142 (166.26 mbsf)
10

Figure AB. Frequency (vol. %) of each grain size (pm) found in sample 67H-2W-140142 (166.26 mbsf).
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69H-1W-60-62 (169.4 mbsf)

Figure AC. Frequency (vol. %) of each grain size (pm) found in sample 69H-1W-60-62
(169.4 mbsf).

69H-2W-80-82 (171.1 mbsf)
10

Figure AD. Frequency (vol. %) of each grain size (pm) found in sample 69H-2W-80-82
(171.1 mbsf).
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70H-2W-70-72 (174.3 mbsf)

Figure AE. Frequency (vol. %) of each grain size (pm) found in sample 70H-2W-70-72
(174.3 mbsf).

72H-2W-86-88 (179.9 mbsf)
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Figure AF. Frequency (vol. %) of each grain size (pm) found in sample 72H-2W-86-88
(179.9 mbsf).
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73H-1W-90-92 (182.9 mbsf)
12

Figure AG. Frequency (vol. %) of each grain size (pm) found in sample 73H-1W-90-92
(182.9 mbsf).

75H-1W-20-22 (188.8 mbsf)
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Figure AH. Frequency (vol. %) of each grain size (pm) found in sample 75H-1W-20-22
(188.8 mbsf).
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76H-1W-20-22 (192.1 mbsf)
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Figure AI. Frequency (vol. %) of each grain size (pm) found in sample 76H-1W-20-22
(192.1 mbsf).

76H-1W-120-122 (193.1 mbsf)
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Figure AJ. Frequency (vol. %) of each grain size (pm) found in sample 76H-1W-120-122
(193.1 mbsf).
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76H-2W-70-72 (194.1 mbsf)

N°

O

—
8
>
u*
S 6
S' 4

10000

Figure AK. Frequency (vol. %) of each grain size (pm) found in sample 76H-2W-70-72
(194.1 mbsf).
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Figure AL. Frequency (vol. %) of each grain size (jxm) found in sample 76H-3W-32-34
(194.49 mbsf).
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82P-1W-38-40 (202.88 mbsf)
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Figure AM. Frequency (vol. %) of each grain size (pm) found in sample 82P-1W-38-40
(202.88 mbsf).

61

